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It is evident from complete genome sequencing results that lateral gene transfer and recombination are
essential components in the evolutionary process of bacterial genomes. Since this has important implications
for bacterial systematics, the primary objective of this study was to compare estimated evolutionary relation-
ships among a representative set of a-Proteobacteria by sequencing analysis of three loci within their rrn
operons. Tree topologies generated with 16S rRNA gene sequences were significantly different from corre-
sponding trees assembled with 23S rRNA gene and internally transcribed space region sequences. Besides the
incongruence in tree topologies, evidence that distinct segments along the 16S rRNA gene sequences of bacteria
currently classified within the genera Bradyrhizobium, Mesorhizobium and Sinorhizobium have a reticulate
evolutionary history was also obtained. Our data have important implications for bacterial taxonomy, because
currently most taxonomic decisions are based on comparative 16S rRNA gene sequence analysis. Since
phylogenetic placement based on 16S rRNA gene sequence divergence perhaps is questionable, we suggest that
the proposals of bacterial nomenclature or changes in their taxonomy that have been made may not necessarily
be warranted. Accordingly, a more conservative approach should be taken in the future, in which taxonomic
decisions are based on the analysis of a wider variety of loci and comparative analytical methods are used to

estimate phylogenetic relationships among the genomes under consideration.

Rhizobia are nitrogen-fixing bacterial symbionts of legumes
that are of economic importance in low-input sustainable ag-
riculture, agroforestry, and land reclamation. Descriptions of
phenotypic and genetic variation among rhizobia have been
extensive. Currently there are six genera of rhizobia, Allorhi-
zobium, Azorhizobium, Bradyrhizobium, Rhizobium, Mesorhizo-
bium, and Sinorhizobium, that have been proposed (65), and
there is a report of a single species of Methylobacterium (of the
family Methylobacteriaceae), Methylobacterium nodulans, which
forms a symbiosis with specific species of Crotolaria (59). The
primary criterion by which these genera are defined is analysis
of 16S rRNA gene sequence (65).

Sequencing the 16S rRNA gene has profoundly affected how
relationships among the bacteria are portrayed (45). The 16S
rRNA gene sequence is useful for this purpose because it is
slowly evolving and the gene product is both universally essen-
tial and functionally conserved. However, basing bacterial phy-
logeny on 16S rRNA gene sequence variation not only presup-
poses that evolution throughout the genome progresses at a
constant rate by mutation and Darwinian selection but also
assumes that the evolution of the genome and of the 16S
rRNA gene is strictly hierarchical. From a practical point of
view this approach also requires each genome to harbor a
single copy of the 16S rRNA gene or that multiple alleles
within single genomes have identical sequences.
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Although seemingly convenient for classification purposes,
16S rRNA gene sequences alone may not adequately reflect
the relationships among the genomes of the microbes under
consideration. For example, several reports have indicated that
bacterial genomes may harbor more than a single copy of the
16S rRNA gene (2, 6, 12, 48, 67, 69). Also, there is inferential
evidence that ribosomal genes in certain bacteria or archeae
undergo lateral transfer and genetic recombination (13, 57, 68,
69, 72). The possibility that 16S rRNA gene sequence diver-
gence in single cells results from lateral transfer and recombi-
nation as well as mutation has important implications for evo-
lutionary biology in bacterial populations and also for
taxonomy and nomenclature.

Therefore, the primary objective of this study was to expand
the number of loci used to portray phylogenetic relationships
among a representative set of a-Proteobacteria with emphasis
on rhizobia. To accomplish this objective, we compared the
16S rRNA sequence divergence with that of the 23S rRNA
gene and the internally transcribed space (ITS) region. Be-
cause we discovered incongruence among estimated phylog-
enies, further analyses were done to evaluate the possibility
that these results may reflect a reticulate evolutionary history
of these loci.

MATERIALS AND METHODS

Bacterial strains. The reference rhizobial strains used in this study were
obtained from the U.S. Department of Agriculture Agricultural Research Ser-
vice National Rhizobium Germplasm Collection, Beltsville, Md. Other bacterial
species and their sources were Blastobacter denitrificans IFAM 1005 (LMG 8443)
from the Belgian Culture Collection of Microorganisms, Agrobacterium vitis
ATCC 49767 and Afipia felis ATCC 49715 from the American Type Culture
Collection, Mycoplana dimorpha NRRL B-1091 from the Agricultural Research
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Service NRRL Culture Collection, Peoria, Ill., Agrobacterium tumefaciens IAM
13129, Agrobacterium rubi 1AM 13569, Ochrobactrum anthropi 1AM 14119, and
Phyllobacterium myrsinacearum 1AM 13584 from the Institute of Applied Micro-
biology (IAM) Culture Collection, and Rhodobacter sphaeroides strain 2.4.1 and
Rhodopseudomonas palustris strain GH, kindly provided by Michael T. Madigan.

Growth of the bacteria and DNA isolation. Rhizobial and agrobacterial cul-
tures were grown in 50 ml of modified arabinose gluconate broth (62) for the
large-scale isolation of DNA purified by CsCl density centrifugation (40). DNA
preparations were made similarly by using 50 ml of yeast phosphate salts-grown
cells of R. sphaeroides and R. palustris. DNA of B. denitrificans, O. anthropi, and
P. myrsinacearum were prepared from 10 ml of modified arabinose gluconate
broth cultures by use of a tissue and blood DNA extraction kit (Qiagen Inc.,
Chatsworth, Calif.). This kit was also used to prepare DNA of M. dimorpha
grown in 10 ml of TGY broth (23) or A. felis grown in 10 ml of charcoal-yeast
extract broth. Concentrations of DNA in solution were measured spectrophoto-
metrically at 260 nm by using a Response Spectrophotometer (Gilford Instru-
ment Laboratories, Oberlin, Ohio).

PCR amplification and sequencing analysis. Primers 16Sa and 16Sb (66) were
used for amplification of the 16S rRNA gene locus. The 16S rRNA genes were
amplified in 120-pl volumes as described before (63) with the exception of the
primers and the PCR buffer, which was 60 mM Tris-HCI, 15 mM (NH,),SO,,
and 3.5 mM MgCl, at pH 9.0. The primers 450 and 1440 (66) were used to
amplify the ITS region (66) and are located in conserved regions of the 3" end of
the 16S rRNA gene and the 5’ end of the 23S rRNA gene. The PCR products
generated with this primer pair also contained the intervening region (16, 27, 34,
36, 38,53, 54, 71) of the 23S rRNA gene and permitted sequencing analysis of the
5’ ends of the 23S rRNA genes by using primers 1431, 1432, 1439, and 1440 (66).
The primer pair 1432 and 23S lowerB were used to amplify most of the 23S
rRNA genes. Primer 1432 is located upstream of the intervening region at bases
115 to 130 of the Bradyrhizobium japonicum strain USDA 110 23S rRNA gene
sequence (GenBank accession no. Z35330). The reverse primer 23S lowerB is
located in the 5S rRNA gene at bases 113 to 97 of the B. japonicum USDA 110
(GenBank accession no. Z35330). PCR conditions were as those described for
the 16S rRNA gene except for an annealing temperature of 52°C in a combina-
tion of a buffer containing 60 mM Tris-HCI and 15 mM (NH,),SO, and of 2.0
mM MgCl, at pH 9.0. The PCR products were purified by using QIAquick Spin
columns (Qiagen Inc.). A Perkin-Elmer (Foster City, Calif.) 377 DNA sequencer
in combination with a Dye Deoxy Terminator Cycle Sequencing kit (Perkin-
Elmer) was used for sequencing the purified PCR products. Primers for sequenc-
ing were designed by comparing the 23S rRNA genes of B. japonicum USDA 110
and A. vitis type strain NCPPB3554 (GenBank accession no. 735330 and
U45329, respectively) and are listed in Table 1. Database entries U69638,
U35000, AF338176, and AF338177 for B. japonicum USDA 6, Bradyrhizobium
elkanii USDA 76, B. denitrificans IFAM 1005, and A. felis ATCC 49715, respec-
tively, were updated to include the 23S rRNA gene sequence.

Analysis of the sequence data. The sequences were aligned by using the
PILEUP program in the Wisconsin package of the Genetics Computer Group
(Madison, Wis.). Aligned sequences were checked manually and were edited
with Genedoc (Genedoc manual, K. B. Nicholas and H. B. Nicholas, Pittsburgh
Supercomputing Center, Pittsburgh, Pa.). Neighbor-joining trees were con-
structed from Jukes-Cantor distances by using the Molecular Evolutionary Ge-
netics Analysis (MEGA) package version 1.01 (29), or trees were assembled in a
stepwise manner with parsimony analysis by using Paup version 4.0b8a (58).
Likelihood scores of tree files were generated to determine congruence between
tree topologies by using the Shimodaira-Hasegawa test (55). The significance in
differences among the likelihood scores was determined with a one-tailed boot-
strap test using 1,000 permutations of the data. The Geneconv program version
1.02 (52) was used to test the possibility of a history of recombination among 16S
rRNA loci. With this method the distribution of polymorphic nucleotide posi-
tions along aligned sequences is examined to estimate the likelihood that distinct
segments have differing phylogenies.

Nucleotide sequence accession numbers. The sequences determined in this
study have been deposited in the GenBank database under accession numbers
AY244358 to AY244382.

RESULTS

The molecular sizes of the PCR products obtained with
amplification reactions using primers for the 16S rRNA gene
were relatively uniform, varying only by approximately 100 bp.
The 16S rRNA gene sequences obtained with A. tumefaciens,
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TABLE 1. Primers used to sequence the 23S rRNA gene generated
with primers 1432 (66) and 23S lowerB

Location in

Primer Primer sequence (5'-3") ac?:s:}z?lnﬁo.
735330 (nt)

1433 GTT GGC TTR GAR GCA GC 4306-4322
1434 CCT TGY CGG GTA AGT T 5065-5080
1435 AGT AVG GCG GRA CAC GTG 3615-3632
1436 AAA CCG ACA CAG GTR G 4758-4773
1437 GCT GAA RGC ATCTAA G 5869-5884
1438 GCC AAG GCA TCC RYC 3176-3162
1439 GGG TTN CCC CAT TCG G 3268-3253
1440 CAC GTG TYC CGC CBT ACT 3632-3615
1441 GCT GCY TCY AAG CCA AC 4322-4306
1442 CYA CCT GTG TCG GTT T 4773-4758
1443 AAC TTA CCC GRC AAG G 5080-5065
1445b GTR CCT TTT GTA KAA TG 3808-3823
1446b CAT TMT ACA AAA GGY AC 3824-3808
1447 ATA GCT GGT TCT YBC CG 4050-4066
1448 TCG VRA GAA CCA GCT AT 4066-4050
1449b CAT GAG TAR CGA HAA 4515-4529
1450 TTD TCG YTA CTC ATG 4529-4515
1451 GAC GGA AAG ACC CCR TG 5177-5193
1452 CAY GGG GTC TTT CCG TC 5193-5177
1453 AGT TTG ACT GGG GCG GT 5366-5382
1454 ACC GCC CCA GTC AAA CT 5382-5366
1455 CCT CGA TGT CGG CTC 5623-5637
1456b GAG CCG ACA TCG AGG 5637-5623
23S lowerB GGC AGC GAC CTA CTC TC 6231-6215

A. rubi, A. vitis, Agrobacterium rhizogenes, A. felis, B. denitrifi-
cans, M. dimorpha, O. anthropi, P. myrsinacearum, and R.
palustris were consistent with sequences for these taxa in the
GenBank database. The molecular sizes of PCR products gen-
erated with primers 450 and 1440 to amplify the ITS region
have been reported by van Berkum and Fuhrmann (66) and
van Berkum and Eardly (64).

The molecular sizes of products generated with primers 1432
and 23S lowerB to amplify a large portion of the 23S rRNA
gene and the ITS region between the 23S rRNA and 5S rRNA
genes were approximately 3.0 kb. Entire sequences for the 23S
rRNA genes were obtained from the analysis of two PCR
products, the ITS region and the remainder of the 23S rRNA
gene. Sequencing results obtained with B. japonicum USDA
110 and the 23S rRNA gene sequence of GenBank accession
735330 were consistent. The results obtained for the 23S
rRNA gene sequences of 31 taxa were used to derive Jukes-
Cantor distances to construct a neighbor-joining tree by using
the sequence of R. sphaeroides (GenBank accession no.
x53855) as outgroup (Fig. 1B). Unfortunately, it was not pos-
sible to obtain a PCR product with primers 1432 and 23S lower
by using Rhizobium mongolense as a DNA template. This was
probably due to the poor sequence homology of primer 23S
lowerB and the corresponding region in the 5S rRNA gene,
since 1432 and the 23S rRNA gene were homologous (67).

The neighbor-joining trees obtained from Jukes-Cantor dis-
tances of aligned 16S or 23S rRNA gene sequences appeared
to differ (Fig. 1A and B). With 23S rRNA gene sequences, B.
elkanii and B. japonicum were placed together in a group,
whereas with the 16S rRNA gene sequences they were sepa-
rated by B. denitrificans, R. palustris, and A. felis. Also, the six
species of Sinorhizobium were nested within the group formed
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FIG. 1. Phylogenetic relationships among a select group of bacteria belonging to the a-subdivision of the Proteobacteria reconstructed from 16S
rRNA gene sequence divergence (A) or 23S rRNA gene sequence divergence (B). Sequences were aligned by using PILEUP of the Wisconsin
package of the Genetics Computer Group (Madison, Wis.); aligned sequences were checked manually and were edited with Genedoc (see
Materials and Methods) before deriving neighbor-joining trees that were constructed from Jukes-Cantor distances by using the MEGA package
version 1.01 (29). Trees assembled in a stepwise manner with parsimony analysis by using Paup version 4.0b8a (58) had the same topologies as the
distance trees shown. GenBank accession numbers used for the 16S rRNA gene sequences were as follows: A. felis, AF003937; A. rhizogenes,
D14501; A. rubi, D14503; A. tumefaciens, D14500; A. vitis, D14502; A. caulinodans, X94200; B. denitrificans, S46917; B. japonicum, U69638; B.
Japonicum USDA 110, Z35330; B. elkanii, U35000; M. amorphae, AF041442; M. ciceri, U07934; M. huakuii, D13431; M. loti, X67229; M. dimorpha,
D12786; O. anthropi, D12794; P. myrsinacearum, D12789; R. etli, U28916; R. galegae, X67226; R. gallicum, U86343; R. leguminosarum, U29386; R.
tropici, U89832; Sinorhizobium arboris, Z.78204; Sinorhizobium fredii, X67231; Sinorhizobium kostiense, Z778203; S. meliloti, X67222; Sinorhizobium
saheli, X68390; Sinorhizobium terangae, X68387; R. sphaeroides, X53855; and R. palustris, D25312. GenBank accession numbers used for the 23S
rRNA gene sequences were as follows: B. japonicum USDA 110, Z35330; R. palustris, X71839; and R. sphaeroides, X53855.

by species of Rhizobium with analysis of 23S rRNA gene se-
quence data, whereas with 16S rRNA gene sequence data they
formed a group neighboring two groups consisting of species
within the genera Rhizobium and Agrobacterium. Also, there
was a difference between the two data sets relative to the
placement of Rhizobium galegae, Rhizobium huautlense, Rhizo-
bium leguminosarum, Rhizobium gallicum, M. dimorpha, A. vi-
tis, A. rubi, and A. tumefaciens (Fig. 1A and B).

Both data sets were also used to construct trees in a stepwise
manner by parsimony analysis. The alignment of the 16S rRNA
gene sequences contained a total of 1,509 characters, of which
1,157 were constant, 109 were variable but parsimony uninfor-
mative and 243 were parsimony informative. From a heuristic
search, the score of best trees was 903 and the number of trees
with this score was 27. The strict consensus tree, derived from
the 27 most parsimonious trees, had a topology consistent with

the distance tree (Fig. 1A). The alignment of the 23S rRNA
gene sequences contained a total of 3,237 characters, of which
2,184 were constant, 274 were variable but parsimony uninfor-
mative, and 779 were parsimony informative. From a heuristic
search, the score of best trees was 3092 and the number of
trees with this score was 11. The strict consensus tree, derived
from the 11 most parsimonious trees, had a topology consistent
with the distance tree (Fig. 1B).

The Shimodaira-Hasegawa test (55) was used to determine
whether the same or different phylogenetic information was
obtained from the analysis of the 16S rRNA and 23S rRNA
genes. Likelihood scores were obtained for every tree, and the
difference between each score and that of the tree with the
smallest numerical score (best) was calculated. Subsequently,
these values were compared in a one-tailed bootstrap test using
1,000 replications to determine whether scores were signifi-
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TABLE 2. Shimodaira-Hasegawa test (55) of the most
parsimonious trees generated from aligned sequences
of the 23S and 16S rRNA genes

Difference in the likelihood
scores of each tree and the

best tree for the most s
parsimonious trees
23S rRNA trees
10.26911 0.839
(best)

8.36277 0.885
12.15221 0.827
14.42721 0.810

1.89246 0.920
13.28196 0.807
10.58340 0.852
10.84981 0.849
15.90222 0.776
15.85598 0.764

16S rRNA trees
1013.71527 0.000
1184.58247 0.000
1023.51223 0.000
1023.28739 0.000
1071.46505 0.000
1071.46505 0.000
1241.66444 0.000
1241.66444 0.000
1191.59262 0.000
1191.38500 0.000
1081.26676 0.000
1081.26676 0.000
1081.04208 0.000
1081.04208 0.000
1248.67340 0.000
1248.46599 0.000
1248.67340 0.000
1248.46599 0.000
1278.20933 0.000
1278.20933 0.000
1288.32987 0.000
1288.11444 0.000
1229.25939 0.000
1229.04393 0.000
1288.32987 0.000
1288.11444 0.000
1219.13446 0.000

“ Significance was determined by a one-tailed bootstrap test with 1,000 repli-
cations. A P value of <0.05 is significant, indicating that tree topologies were
different.

cantly different at a P value of 0.05 (Table 2). The best likeli-
hood score was obtained with one of the trees resulting from
parsimony analysis of the 23S rRNA gene data. The mean
difference in the likelihood scores of the best tree and the
remaining 10 most parsimonious trees from the 23S rRNA
sequence data were not significantly different (Table 2). There-
fore, the topologies among the 11 most parsimonious trees
obtained with the 23S rRNA gene sequences were not signif-
icantly different. The mean difference in the likelihood scores
of the best tree (23S) and the 27 most parsimonious trees from
the 16S rRNA sequence data was significant (Table 2). There-
fore, the topologies of the parsimony trees obtained by analysis
of the 16S and the 23S rRNA genes were significantly different.
The likelihood score among the two distance trees (Fig. 1A
and B) was the smallest with the reconstruction using the 23S
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rRNA gene sequence data. The difference in the likelihood
scores among the two distance trees was 948.41, and this dif-
ference in a bootstrap test was significant (P = 0.000). There-
fore, the distance tree topologies reconstructed from the 16S
rRNA and 23S rRNA data were also significantly different.
Thus, the conclusion was that the 16S rRNA gene and the 23S
rRNA gene sequences gave different phylogenetic information
irrespective of whether a distance or parsimony method had
been used to do the analysis.

A similar comparison was made with distance trees recon-
structed from 16S rRNA gene and ITS region sequences (Fig.
2A and B). These two trees also appeared to have differing
topologies. In particular, the placement of the serogroups be-
longing to B. elkanii (USDA 76) relative to those of B. japoni-
cum (USDA 6) varied between the two reconstructions. In the
case of the 16S rRNA gene data, B. elkanii was placed proximal
to Nitrobacter hamburgensis, A. felis, R. palustris, and B. deni-
trificans and distal to B. japonicum (Fig. 2A). However, in the
case of reconstructions with the ITS data, B. japonicum and B.
elkanii were placed together in a group (Fig. 2B). The distance
tree obtained from analysis of the ITS region had the best
likelihood score. This score differed significantly (P = 0.000)
from that obtained with the 16S rRNA gene sequence data by
using the Shimodaira and Hasegawa test (55).

Parsimony analyses of these two data sets were also done.
The alignment of the 16S rRNA gene sequences contained a
total of 1,508 characters, of which 1,185 were constant, 152
were variable but parsimony uninformative, and 171 were par-
simony informative. From a heuristic search, the score of best
trees was 469 and the number of trees with this score was 2,184.
The alignment of the ITS region sequences contained a total of
2,130 characters, of which 1,080 were constant, 476 were vari-
able but parsimony uninformative, and 574 were parsimony
informative. From a heuristic search, the score of the best trees
was 2079 and the number of trees with this score was 26.

Likelihood scores were generated for the first 174 trees
obtained with parsimony analysis of the 16S rRNA gene se-
quence data and all 26 trees from the ITS data. Subsequently
the values of 200 trees were used to compare topologies by the
Shimodaira-Hasegawa test (55). It was considered unnecessary
to include all of the most parsimonious trees obtained with the
aligned 16S rRNA sequence data. The best likelihood score
was obtained with one of the trees resulting from parsimony
analysis of the ITS data. The topologies among the 26 most
parsimonious trees obtained with the ITS sequences were not
significantly different (mean P value, 0.754). The differences in
the likelihood scores of the best tree (ITS) and 174 of the most
parsimonious trees obtained with the aligned 16S rRNA gene
sequences were significantly different (P = 0.000). Therefore,
the 16S rRNA gene and ITS region sequences also gave dif-
ferent phylogenetic information.

In an effort to explain the incongruence that we observed
among our three data sets, we compared the distribution of
polymorphic nucleotide positions along 16S rRNA gene al-
leles. The first analysis was focused on B. elkanii because it
grouped with B. japonicum in reconstructions of evolutionary
history of the 23S rRNA gene and the ITS region. Therefore,
aligned 16S rRNA gene sequences of B. elkanii (USDA 76), B.
japonicum (USDA 6), and Mesorhhizobium mediterraneum
(Upm-Ca 36) were examined by using Genconv version 1.02
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FIG. 2. Phylogenetic relationships among a select group of bacteria belonging to the a-subdivision of the Proteobacteria reconstructed from the
16S rRNA gene sequence divergence (A) or the ITS region sequence divergence (B). Sequences were aligned by using PILEUP of the Wisconsin
package of the Genetics Computer Group (Madison, Wis.); aligned sequences were checked manually and were edited with Genedoc (see
Materials and Methods) before deriving neighbor-joining trees that were constructed from Jukes-Cantor distances using the MEGA package
version 1.01 (29). Trees assembled in a stepwise manner with parsimony analysis by using Paup version 4.0b8a (58) had the same topologies as the

distance trees shown.

(52). There were 1,485 aligned bases with 175 polymorphisms.
Evidence for possible gene conversion events between the 16S
rRNA gene sequences of USDA 76 and Upm-Ca 36 was iden-
tified by two globally significant (P < 0.05) inner fragments
with global permutation P values of 0.0000 and pairwise P
values of 0.0000. These two inner fragments were 20 and 43 bp
in length and were adjacent to each other (Fig. 3). The effect
of this 81-bp region (Fig. 3) on tree topology was examined by

removing it from aligned sequences of B. japonicum, B. elkanii,
R. palustris, B. denitrificans, A. felis, Nitrobacter winogradskyi,
Azorhizobium caulinodans, M. mediterraneum, S. meliloti, and
R. leguminosarum and comparing a neighbor-joining tree ob-
tained from Jukes-Cantor distances with a similar tree (con-
trol) using the aligned sequences without deleting this small
region. Because more sequences were used for tree construc-
tion than in the search for gene conversion, more gaps were

* 920 * 940 * 960

B. japonicum: (GCAACGCGCAGAACCTTACCAGCCCTTGACATGTCCAGGACCGGTCGCAGAGA-TGTGA |: 959

B. elkanii: (GCAACGCGCAGAACCTTACCAGCCCTTGACATCCCGGTCGCGGACTCCAGAGACGGAGT [: 959

M. mediterraneum: ANGCAACGCGCAGAACCTTACCAGCCCTTGACATCCCGGTCGCGGTCTCCAGAGATGGAGA @ 937
* 980 * 1000 * 1020

B. japonicum: |CCTTCTCTTCGGAGCCTGGAGC-ACACGTGCTGCATGGCTGTCGTCAGCTCGTGTCGTGA 1018

B. elkanii: [ICTTCAGTTCGGCTGGACCGGAGACAGGTGCTGCATGGCTETCGTCAGCTCGTEGTCGTGA 1019

M. mediterraneum: |CCTTCAGTTCGGCTGGACCGGTGACAGETGCTGCATGGCTATCETCAGCTCGTGTCGTGA 997

o

FIG. 3. Comparison of the distribution of polymorphic nucleotide positions along 16S rRNA gene genes of B. elkanii (USDA 76); B. japonicum
(USDA 6), and M. mediterraneum (Upm-Ca 36) identifying possible gene conversion events between alleles of USDA 76 and Upm-Ca36 from
evidence gathered with Genconv version 1.02 (52). The arrows indicate base pair matches between B. elkanii and M. mediterraneum for which there

was a corresponding mismatch with B. japonicum.
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FIG. 4. Changes in 16S rRNA gene tree topology following removal of a region identified as a possible gene conversion event between alleles
of B. elkanii and M. mediterraneum. Distance control trees (A) were reconstructed from aligned 16S rRNA gene sequence of B. japonicum
(U69638), B. elkanii (U35000), R. palustris (D25312), B. denitrificans (S46917), A. felis (AF003937), N. winogradskyi (L35506), A. caulinodans
(X94200), M. mediterraneum (L38825), S. meliloti (X67222), and R. leguminosarum (U29386) as described for the legend to Fig. 1 and were
compared with a similar tree by using the aligned sequences from which the small region had been removed (B). Trees assembled in a stepwise
manner with parsimony analysis using Paup version 4.0b8a (58) had the same topologies as the distance trees shown.

created in the alignment resulting in the deletion of 84 bp. The
deletion resulted in the shift in placement of B. elkanii from
adjacent to the group formed by B. japonicum, R. palustris, B.
denitrificans, A. felis, and N. winogradskyi to a position neigh-
boring B. japonicum (Fig. 4). Tree topologies derived from
both alignments were significantly different (P = 0.008) by the
Shimodaira-Hasegawa test (55). Trees were also constructed in
a stepwise manner by using parsimony analysis. The control
alignment had 1,496 characters, of which 1,250 were constant,
65 were variable but parsimony uninformative, and 181 were
parsimony informative, and these 181 in a branch and bound
search resulted in two most parsimonious trees with a score of
402. The alignment with the deletion had 1,412 characters, of
which 1,204 were constant, 55 were variable but parsimony
uninformative, and 153 were parsimony informative, and these
153 in a branch and bound search resulted in one most parsi-
monious tree with a score of 314 and with a topology identical
with the distance tree (Fig. 4B). The tree with the best likeli-
hood score was obtained with the alignment containing the
deletion and this score and those of the control trees by the
Shimodaira-Hasegawa test differed significantly at the 5% level
(average P value, 0.044). Therefore, removal of the two inner
fragments identified as a possible gene conversion event be-

tween the 16S rRNA gene sequences of USDA 76 and
Upm-Ca 36 resulted in a significant change in tree topology.

The second analysis for the possibility of transfer and genetic
recombination among divergent 16S rRNA alleles was focused
on Sinorhizobium, because species of this genus were nested
within the genus Rhizobium in reconstructions of evolutionary
history of the 23S rRNA genes (Fig. 1B). Therefore, aligned
16S rRNA gene sequences of Sinorhizobium fredii, S. meliloti,
Mesorhizobium ciceri, Mesorhizobium loti, Mesorhizobium
amorphae, M. mediterraneum, and Mesorhizobium huakuii were
examined by using Genconv version 1.02 (52). There were
1,475 aligned bases with 88 polymorphisms. Evidence for pos-
sible gene conversion events between the 16S rRNA gene
sequences of S. fredii and M. amorphae or M. huakuii were
identified by a globally significant inner fragment of 168 bp
with global permutation P values of 0.0036 or 0.0104 and pair-
wise P values of 0.0013 or 0.0004 (Fig. 5, box B). A second
region of 56 bp was identified in a pairwise comparison by
pairwise P values of 0.0107 or 0.0078 (Fig. 5, box A). An
additional 84-bp fragment, which was located within the
168-bp fragment detected with S. fredii, was identified in a
comparison of the 16S rRNA genes of S. meliloti and M. amor-
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A
st ACATTTAAGTCAGGGGTGAAATCCCGGGGCTCARCCCCGGAACTGCCTTTGATACTGGG 59
sm ATTGTTAAGTGAGGGGTGAAATCCCAGGGCTCAACCCTGGAACTGCCTTTCATACTGGC 59
mc ATTGTTAAGTTAGGGGTGAAATCCCAGGNCTCAACCCTGGAACTGCCTTTAATACTGGC 59
ml ATTGTTAAGTTAGGGGTGAAATCCCAGGGCTCAACCCTGGARACTGCCTTTAATACTGGC 59
ma ATACTTAAGTCAGGGGTGAAATCCCGGGGCTCAACCCCGGAACTGCCTTTGATACTGGG 59
mm ATATTTAAGTCAGGGGTGAAATCCCGGGCCTCAACCCCGGAACTGCCTTTGATACTGGG 59
mh ATACTTAAGTCAGGGGTGAAATCCCGGGGCTCAACCCCGGAACTGCCTTTGATACTGGG 59
e Te il ! 1
st CTAGAGTCCQGAAGAGGTGAGTGGAATTCCGAGTGTAGAGGTGAAATTCGTAGATA 118
sm CTAGAGTCCAGAAGAGGTGAGTGGAATTCCGAGTCTAGAGGTGARATTCGTAGATA 118
me CTCGAGTCCHAGAGAGGTGAGTGGAATTCCGAGTGTAGAGGTGARATTCGTAGATA 118
ml CTCGAGTCCHAGAGAGGTGAGTGGAATTNCGAGTGTAGAGGTGAAATTCGTAGATA| 118
ma CTCGAGTCCHGAAGAGGTGAGTGGAATTCCGAGTGTAGAGGTGARATTCGTAGATA 118
mmn CTCGAGTCCHAGAGAGGTGAGTGGAATTCCGAGTGTAGAGGTGAARATTCGTAGATA] 118
mh CTCGAGTCCHGAAGAGGTGAGTGGAATTCCCGAGTGTAGAGGTGARATTCGTAGATA 118
st TTCGGAGGAACACCAGTGGCGAAGGCGGCTCACTGGTCYGGTACTGACGCTGAGGTGCG 177
sm TTCGGAGGAACACCAGTGGCGAAGGCGGCTCACTGGTCTGGAACTGACGCTGAGGTGCG 177
mc TTCGGAGGAACACCAGTGGCGAAGGCGGCTCACTGGCTYGGTACTGACGCTGAGGTGEG 177
ml TTCGGAGGAACACCAGTGGCGAAGGCGGCTCACTGGCTCGGTACTGACGCTGAGGTGCG 177
ma TTCGGAGGAACACCAGTGGCGAAGGCGGCTCACTGGTCYGGTACTGACGCTGAGGTGCG 177
mm TTCGGAGGAACACCAGTGGCGAAGGCGGCTCACTGGCTGGTACTGACGCTGAGGTGCG 177
mh TTCGGAGGAACACCAGTGGCGAAGGCGGCTCACTGGTCEGGTACTGACGCTGAGGTGCG 177
st AAAGCGTGGGGAGCAAACAGGATTAGATACCCTGGTAGTCCACGCCGTAAACGATGAAT 236
sm AAAGCGTGGGGAGCAAACAGGATTAGATACCCTGGTAGTCCACGCCGTAAACGATGAAT 236
mc AAAGCGTGGGGAGCAAACAGGATTAGATACCCTGGTAGTCCACGCCGTARACTATGAGA 236
ml AAAGCGTGGGGAGCAAACAGGATTAGATACCCTGGTAGTCCACGCCGTAAACTATGAGA 236
ma AAAGCGTGGGGAGCAAACAGGATTAGATACCCTGGTAGTCCACGCCGTAAACGATGGAA 236
mm AAAGCGTGGGGAGCAAACAGGATTAGATACCCTGGTAGTCCACGCCCTARACGATGGAA 236
mh AAAGCGTGGGGAGCAAACAGGATTAGATACCCTGGTAGTCCACGCCGTAAACGATGGAA 236

t
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FIG. 5. Comparison of the distribution of polymorphic nucleotide positions along 16S rRNA genes of S. fredii (USDA 205), S. meliloti (USDA
1002), M. ciceri (UPM-Ca7), M. loti (NZP 2213), M. amorphae (ACCC 19665), M. mediterraneum (Upm-Ca36), and M. huakuii (CCBAU2609)
identifying possible gene conversion events between alleles from evidence gathered with Genconv version 1.02 (52). The arrows indicate base pair

mismatches between S. fredii and S. meliloti for which there was a corresponding match between Mesorhizobium and Sinorhizobium.

phae or M. huakuii with inner pairwise P values of 0.0335 or
0.0177 (Fig. 5, box C).

The effect of the combined 232-bp (Fig. 5) and 81-bp (Fig. 3)
regions (a combined deletion of 317 bp in the alignment using
31 sequences) on tree topology was examined by removing
them from the 16S rRNA gene sequence alignment that was
originally used for comparison with an analysis of the 23S
rRNA gene (Fig. 1A). Neighbor-joining trees obtained from
Jukes-Cantor distances were compared with a similar tree us-
ing the aligned sequences without (control) deleting this small
region. Tree topologies appeared to differ in the placement of
B. elkanii and species within the genus Sinorhizobium (Fig.
6A). The placement of B. elkanii changed from adjacent to the
group formed by B. japonicum, R. palustris, B. denitrificans, and
A. felis (Fig. 1A) to a position within B. japonicum (Fig. 6A).
The placement of six species of Sinorhizobium changed from
adjacent to the group formed by species of Agrobacterium and
Rhizobium (Fig. 1A) to a position that formed a group with R.
leguminosarum, Rhizobium etli, R. gallicum, Rhizobium tropici,
and A. rhizogenes (Fig. 6A). Trees were also constructed in a

stepwise manner by using parsimony analysis. The alignment
with the two deletions had 1,192 characters, of which 941 were
constant, 88 were variable but parsimony uninformative, and
163 were parsimony informative, and these 163 in a heuristic
search resulted in 84 most parsimonious trees with a score of
539. The tree with the best likelihood score was obtained with
the control alignment. The difference in this score and those
generated with the trees obtained from alignments containing
the deletions in a bootstrap analysis were significantly different
at the 5% level (P < 0.01) by the Shimodaira-Hasegawa test
(55). A similar analysis using the two distance trees also re-
sulted in a significant difference in the scores (P < 0.000).
Therefore, removal of two portions of the alignment identified
as three possible gene conversion events between 16S rRNA
gene sequences of species of M. huakuii, M. amorphae, S. fredii,
and S. meliloti (Fig. 5) as well as M. mediterraneum and B.
elkanii (Fig. 3) resulted in a significant change in tree topology.

Jukes-Cantor distances were also used to construct a neigh-
bor-joining tree with a combination of the two regions that
were deleted from the original alignment of the 16S rRNA
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FIG. 6. Changes in 16S rRNA gene tree topology following removal of two regions identified as a possible gene conversion event between
alleles of two species of Sinorhizobium and four species of Mesorhizobium. The distance control tree is presented in Fig. 1A, which is compared
with the distance tree after removal of the 317-bp fragment (A). Also shown is the tree topology obtained using the combined region that was
deleted from the alignment (B). Trees assembled in a stepwise manner with parsimony analysis by using Paup version 4.0b8a (58) had the same

topologies as the distance trees shown.

genes (Fig. 3 and 5). The alignment was 317 bp in length and
resulted in a tree topology that visually was very different from
all trees obtained with the 16S rRNA gene sequence data (Fig.
6B). Most notable was the change in the placement of Meso-
rhizobium spp., Sinorhizobium spp., M. dimorpha and O. an-
thropi, which formed a group. This group occupied a position
with P. myrsinacearum that was closer to the outgroup (R.
sphaeroides) than the group formed by B. japonicum, B. elkanii,
A. felis, B. denitrificans, R. palustris, and A. caulinodans (Fig.
6B) in contrast to the control tree (Fig. 1A). Finally, the to-
pologies of the distance tree obtained with the aligned 16S
rRNA gene sequences from which the two regions were de-
leted and that obtained by analysis of the aligned 23S rRNA
gene also differed significantly (P = 0.000) when analyzed by
the Shimodaira-Hasegawa test (55). Therefore, the two regions
(317 bp) removed from the aligned 16S rRNA gene sequences

alone do not account for the significant difference in phyloge-
netic information obtained from analysis of these two loci.

DISCUSSION

The focus of this study was to confirm the phylogenetic
placement of the six genera Allorhizobium, Azorhizobium, Bra-
dyrhizobium, Rhizobium, Mesorhizobium, and Sinorhizobium
within the a-Proteobacteria in reconstructions from 16S rRNA
gene sequence divergence by the analysis of the ITS region and
the 23S rRNA gene. This examination was initiated because it
was concluded from partial 23S rRNA gene sequence analysis
that differences between Sinorhizobium and Rhizobium might
be insufficient to warrant their separation into different genera
(67) and because placement of M. loti was uncertain in com-
parative analyses of partial 23S rRNA and 16S rRNA sequence
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data (67). The analysis of the entire 23S rRNA gene was
relevant because evidence from partial gene sequence data
may be inconclusive, since different portions of the 16S rRNA
gene sequence were reported to provide conflicting phyloge-
netic signals (13). The Shimodaira-Hasegawa test (55) was
used to assess which pairs of phylogenetic trees have similar
topologies. This test was used in every case, because the alter-
native test by Kishino and Hasegawa (25) would not be valid
for cases in which derivatives of the same alignments were
compared (20). Evidence was obtained that the ITS region and
the 23S rRNA gene provided phylogenetic signals that differed
from those of the 16S rRNA gene.

Gaunt et al. (19) also compared the phylogeny of the 16S
rRNA gene with two other loci. They concluded from an anal-
ysis of atpD and recA that there was broad phylogenetic agree-
ment among the loci examined in their study. They based this
conclusion on the consistency with which species within each
genus formed a group in reconstructions with each of the three
loci. It is important to note that despite the conclusion of broad
phylogenetic agreement among loci, Gaunt et al. (19) indicated
that from results of a partition homogeneity test the 16S rRNA
gene sequence data could not be combined with those of atpD
and recA. Also, possibly of significance in the investigation of
Gaunt et al. (19) is the omission of B. elkanii, because species
within the genus Bradyrhizobium do not form a single group in
reconstructions of phylogeny from 16S rRNA gene sequence
divergence. In the case of the ITS region and the 23S rRNA
gene, we have provided evidence that both these species are
placed in a monophyletic group and that the discordance in
phylogeny with the 16S rRNA gene locus is in part because of
the relative placements of B. elkanii and B. japonicum.

We suggest that gene conversion in the 16S rRNA gene may
be one of the possible mechanisms responsible for the discor-
dant phylogenies among loci. This suggestion is based on a
search for regions within specific alleles of the 16S rRNA gene
that may have a history of recombination. Most noteworthy
were the identification of potential recombination events be-
tween short segments of the 16S rRNA genes of B. elkanii with
species of Mesorhhizobium and between species of Sinorhizo-
bium and species of Mesorhizobium. The detection of potential
genetic transfer and recombination among divergent alleles of
the 16S rRNA gene across genera of the a-Proteobacteria
would contradict inferences of the genetic isolation of genera
(19).

It is becoming increasingly evident that a major component
driving microbial evolution is the exchange of genetic informa-
tion by lateral transfer and recombination (1, 3-5, 11, 14, 15,
17,18, 21, 22, 24, 26, 30-33, 35, 37, 41-44, 46, 47, 50, 51, 56, 60,
61). This exchange of genetic information is not confined to
closely related genomes but has been detected at the intergenic
level (28, 41) and is suggested to occur across major domains
(7, 42, 49). Lateral transfer and recombination events across
divergent alleles of the small subunit ribosomal genes have also
been suggested (8, 13, 57), and substantial evidence has been
provided through the analysis of the actinomycete Ther-
momonospora chromogena (72). Against this background we
anticipated that gene conversion among the 16S rRNA genes
of members of the a-Proteobacteria was a distinct possibility.
Of course the detection of gene conversion across highly con-
served DNA sequences that are characteristic of ribosomal

J. BACTERIOL.

genes is difficult, but sequence conservation also provides more
opportunity for homologous recombination. We wish to em-
phasize that even though we presented evidence for gene con-
version in the 16S rRNA gene of the a-Proteobacteria, other
genes and DNA regions also are likely to be mosaic including
the 23S rRNA gene and the ITS region.

In most cases the phylogenetic placement of bacteria derived
from 16S rRNA gene sequence analysis is the most dominant
character used in bacterial taxonomy. This has been especially
true in the case of nomenclature of bacteria that form hyper-
trophies on higher plants. Some examples in which rhizobial
classification decisions were made largely on the basis of anal-
ysis of the 16S rRNA gene include separation of Sinorhizobium
from Rhizobium (10), the proposal of the new genus Allorhi-
zobium (9), the suggestion for combining Agrobacterium and
Allorhizobium into the genus Rhizobium (73), proposing sepa-
rate genera for B. japonicum and B. elkanii (70), the identifi-
cation of a species of Methylobacterium forming a symbiosis
with specific species of Crotolaria (59), and nodulation of the
South African legume Aspalathus carnosa by a bacterium
placed within the B subdivision of the Proteobacteria (39). Such
suggestions or proposed changes in nomenclature may not be
warranted, since the evidence for phylogenetic placement of
these genera is at best inconclusive. As an alternative we sug-
gest that a more conservative approach be taken whereby tax-
onomic decisions are based on the analysis of a variety of loci
and that comparative analytical methods be used to estimate
phylogenetic relationships among the species being consid-
ered.
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